Wilson NA, Press JM, Zhang LQ. In vivo strain of the medial vs. lateral quadriceps tendon in patellofemoral pain syndrome. J Appl Physiol 107: 422-428, 2009. First published June 18, 2009 doi:10.1152/japplphysiol.00024.2009 is thought to be related to patellar maltracking due to imbalances in the knee extensor. However, no study has evaluated the in vivo biomechanical properties of the quadriceps tendon in PFP syndrome. Our purpose was to compare the biomechanical properties of the quadriceps tendons in vivo and noninvasively in patients with PFP syndrome to those of control subjects. The null hypothesis was that the quadriceps tendons of PFP subjects would have significantly decreased strain compared with control subjects. Fourteen subjects (7 control, 7 PFP) performed voluntary ramp isometric contractions to a range of torque levels, while quadriceps tendon elongation was measured using ultrasonography. Tendon strain was calculated for the vastus medialis obliquus (VMO) and vastus lateralis (VL) portion of the quadriceps tendon and compared between subjects (control vs. PFP) and within subjects (VMO vs. VL). PFP subjects showed significantly less VMO tendon strain than control subjects (P Ͻ 0.001), but there was no difference in VL tendon strain between PFP and control subjects (P ϭ 0.100). Relative weakness of the VMO is the most likely cause of the decreased tendon strain seen in subjects with PFP. VMO weakness not only explains the decreased medial tendon strain but also explains the presence of increased lateral patellar translation and lateral patellar spin (distal pole rotates laterally) reported in the literature in this population. This technique can potentially be used in a clinical setting to evaluate quadriceps tendon properties and infer the presence of muscle weakness in PFP. mechanical properties; ultrasound; patellar kinematics; vastus medialis obliquus; muscle weakness
PATELLOFEMORAL PAIN (PFP) syndrome is defined as pain originating from the patellofemoral articulation and associated structures that excludes other intra-articular and peripatellar pathology (12, 17) . PFP syndrome is common, affecting up to 25% of the general population (11, 21, 42) . Participation in sports and daily activities may be substantially affected by the pain, and chronic PFP is associated with joint degeneration and osteoarthritis (16) .
Several authors have proposed that static malalignment and abnormal patellar tracking are associated with PFP syndrome (14, 16, 20, 48, 54) . Excess lateral patellar translation in subjects with PFP syndrome has been shown in numerous previous studies (8, 38, 44, 48, 54) . Fulkerson (16) suggested that imbalance of the extensor mechanism may lead to overload of the retinaculum and subchondral bone, resulting in pain due to activation of nociceptive fibers in the bone, synovium, or retinaculum. This imbalance may be due to imbalances in the forces vectors from the individual quadriceps components (2) , moment arm imbalance (18) , or an imbalance in the material properties of the medial vs. lateral portions of the quadriceps tendon.
Ultrasonography technology has made it practical to conduct in vivo investigations of tendon biomechanical properties (7, 23, 25, 31, 33, 39, 40) . No study has compared the in vivo biomechanical properties of the medial vs. lateral quadriceps tendon structures or assessed changes in the biomechanical properties of the quadriceps tendons associated with PFP syndrome. The primary purpose of this study was to compare the biomechanical properties of the quadriceps tendons in vivo and noninvasively in patients with PFP to those of control subjects. An additional purpose was to compare the biomechanical properties of the portions of the quadriceps tendon associated with the vastus medialis obliquus (VMO) and vastus lateralis (VL) muscles, in both populations. We proposed three null hypotheses: 1) the quadriceps tendon strain is significantly decreased in subjects with PFP compared with control subjects; 2) in control subjects, there is no significant difference in medial quadriceps tendon strain compared with the lateral quadriceps tendon; 3) in subjects with PFP, medial quadriceps tendon strain is significantly decreased compared with lateral quadriceps tendon strain.
MATERIALS AND METHODS
Seven control subjects and seven subjects with PFP syndrome volunteered to participate in this study. The study protocol was approved by the Northwestern University Institutional Review Board, and all volunteers gave informed consent before participation. All subjects with PFP had a clinical diagnosis of PFP provided by a clinician based on a physical examination and the patient's history (6, 22) . For diagnosis each patient had to have a positive result for at least one of the following: "J" sign (20) , squat test (43) , or glide test (6, 16, 43) . In addition, all patients had to have active PFP at the time of testing, evidenced by reproducible anterior knee pain in at least two of the following activities: squatting, stair ascent/descent, or seated knee extension. These tested activities were selected because of their association with PFP (12) . Subjects were excluded if they had positive signs of a meniscal, ligamentous, or iliotibial band lesion, traumatic onset of PFP, patellar instability [for example, a positive apprehension test (43) ], or a past history of any other injury or pathological condition involving the lower extremity. All control participants had no current or past symptoms of anterior knee pain.
The biomechanical properties of the tendons associated with the VMO and VL components of the quadriceps muscle were examined. Isometric knee extension moments were measured with the subject seated in a custom chair with their hip flexed to 85°and their knee flexed to 60°. This position was selected because 60°of knee flexion lies within the range that voluntary activation of the quadriceps muscle is not dependent on knee flexion angle (5). The thigh was strapped to the seat, and the plantar surface of the foot was supported on a foot plate (Fig. 1) . Rigid plastic struts were placed on the medial, lateral, and anterior aspects of the subject's ankle joint inside a fiberglass cast. The fiberglass cast covered the midfoot and ankle with the ankle in the neutral position and was secured to the footplate using a custom clamp. The clamp was tightened to ensure no translation or rotation of the tibia occurred during isometric knee extension (Fig. 1) . The ankle clamp and foot plate were attached to a six-axis force/ torque sensor (JR3, Woodland, CA) through an aluminum beam with the flexion/extension axis of the knee aligned with the center of the sensor. The fixation system for the foot and knee prevented observable movement of the lower extremity during isometric knee extension.
The angle of orientation, defined as the angle in the frontal plane between the anatomic axis of the femur and the longitudinal orientation of the tendon fibers, was determined manually for each subject. A 14-MHz linear array B-mode ultrasound probe (Linear M12L, GE LOGIQ-9, GE Healthcare, Waukesha, WI), with a 39-mm scanning window, was placed over the distal aspect of the VMO or VL muscle, and the myotendinous junction (MTJ) was identified. The probe was then positioned parallel to the femoral axis over the MTJ of the tendon of interest, and small adjustments in the angle were made until the characteristic fibrillar structure of the tendon was visible in the image. The longitudinal orientation of the tendon fibers was defined as the angle at which the fibrillar structure was most clear in the image (as determined by a single investigator). With the ultrasound probe positioned parallel to the direction of the tendon fibers, a small mark was made on the skin at the distal and proximal poles of the ultrasound probe. The angle of orientation was then measured between the skin markings and the femoral axis (with the center of the patella as the vertex) using a handheld goniometer.
Tendon resting length was measured with the ultrasound probe positioned parallel to the tendon fiber direction for each tendon. For the VMO tendon, the entire length of the tendon could be visualized in a single image, so both the MTJ and the proximal portion of the patella were visible in each image. To determine resting length, three sagittal plane still-frame images were captured with the quadriceps at rest, and the entire length of the tendon (along the curvilinear path from MTJ to patella) was digitized using ImageJ. The mean resting length of the three images was used for further analysis. Both the MTJ and proximal patella could not be visualized in a single frame for the VL tendon. Therefore, LOGIQView, a technique of extended fieldof-view imaging implemented in the GE LOGIQ-9 ultrasound machine, was used to overcome the limited field of view and register the entire length of the VL tendon. For extended field-of-view imaging, the probe was positioned over the VL tendon (oriented along the fiber direction) with the proximal patella visible in the image. The probe was then slowly moved proximally along the fiber direction until the MTJ was visible in the image. A proprietary GE algorithm based on spatial averaging and feature consistency stitched successive image frames together creating a single image of the entire length of the tendon. Three images were taken of the VL tendon, the entire curvilinear length of the tendon was digitized using ImageJ, and the mean resting length was used for further analysis. For cross-sectional area measurements, the length of each tendon was estimated during testing from resting length images. Three still-frame axial plane images (perpendicular to tendon fiber direction) were taken at 50% of the length of the tendon (23) . The perimeter of the tendon cross-sectional area was manually digitized using ImageJ, and the mean crosssectional area from the three images was used for further analysis.
Subjects were asked to contract their quadriceps muscle to match a specified target torque level (1, 3, 5, 7, 9, 15 , and 20 N ⅐ m) for 30 s while minimizing the off-axis torque in internal/external rotation and abduction/adduction. Visual and auditory feedback was provided to aid subjects in matching the torque level. Each subject was allowed to practice the torque-matching procedure until they were capable of generating torques within Ϯ1 N⅐ m of the target extension torque. Practice time served as preconditioning of the tendon before recording elongation data.
An external frame mounted on the custom chair was used to fix the ultrasound probe over the distal portion of the tendon of interest during isometric extension (Fig. 1) . Preliminary experiments with a thin tube fixed between the ultrasound probe and the skin showed that no movement of the probe occurred during isometric extension. The probe was fixed such that the angle of orientation was maintained and the proximal portion of the patella was visible in the image (Fig. 2) . The elongation of the tendon was recorded continuously and simultaneously with torque during isometric contraction from rest to the specified torque level. The ultrasound scanner produced a movie file containing a sequence of image frames (30 frames/s, pixel dimension 100 ϫ 100 m) that were saved for subsequent analysis. The position of the patella and a point on the tendon in the proximal portion of the image were digitized in each frame of the ultrasound recording, and tendon elongation was calculated for each frame of the recording (ImageJ, National Institutes of Health, Bethesda, MD). For the medialside measurements, the location of the patella and the position of the MTJ were used for the calculation of tendon elongation. Each torque- Fig. 1 . Experimental setup. The subject was seated in a custom chair with the hip at 85°and the knee at 60°. The plantar surface of the foot was supported on a foot plate. Rigid plastic struts were placed on the medial, lateral, and anterior aspects of the ankle joint inside a fiberglass cast. The fiberglass cast covered the midfoot and ankle and was secured to the footplate using a custom clamp. The clamp was tightened to ensure no translation or rotation of the tibia during isometric knee extension. The ankle clamp and foot plate were attached to a six degree-of-freedom torque sensor through an aluminum beam. An external frame was used to fix the ultrasound probe over the tendon of interest. The black ovals on the knee represent the approximate position of the ultrasound probe for measurement of vastus medialis obliquus (VMO) and vastus lateralis (VL) tendon elongation, slightly overlapping the proximal patella.
matching trial lasted 30 s, which involved an initial rampup to the target torque followed by a brief period of hysteresis around the target torque until the subject could comfortably hold the target torque (Fig. 3) . Three 30-s trials were collected at each torque level, and the best of the three trials (based on the visibility and clarity of landmark features in all frames of the ultrasound images) was chosen for analysis. Tendon elongation was tracked for each frame of the ultrasound images, but strain and elongation values were calculated using only the resting length and the average tendon elongation during the initial plateau (1 s) following the hysteresis of the torque signal. All digitization measurements on ultrasound images were made three times by the same investigator, and average values were used for data analysis. Tendon strain was calculated as εϭ⌬l/l 0, where l0 is the tendon length at rest, and ⌬l is the change in tendon length during isometric contraction.
Differences in the tendon biomechanical properties between control subjects and subjects with PFP were analyzed using a two-factor ANOVA (condition ϫ torque) with post hoc Bonferroni comparisons. The torque factor had seven levels. VMO vs. VL tendon properties within subjects were analyzed using a two-factor ANOVA with repeated measures (side ϫ torque) and post hoc Bonferroni comparisons. Resting length and cross-sectional area were compared using Student's t-tests; ␣ was preset to 0.05.
RESULTS
There were no significant differences between the two groups for sex, age, height, or weight (Table 1) . Both the MTJ and the patella shifted proximally during isometric contraction (Fig. 2) ; however, the MTJ consistently shifted further in the proximal direction than the patella, indicating quadriceps tendon elongation. Control subjects showed greater VMO tendon elongation than PFP subjects (P Ͻ 0.001); however, there was no difference between PFP and control subjects for VL tendon elongation (P ϭ 0.198). In PFP subjects, the VL tendon elongated more than the VMO tendon (P ϭ 0.026). However, in control subjects, there was no significant difference between VMO tendon elongation and VL tendon elongation (P ϭ 0.950).
There were no differences between control and PFP subjects for tendon length or cross-sectional area (Table 2) . VL tendons were significantly longer than VMO tendons in both PFP (P Ͻ 0.001) and control subjects (P Ͻ 0.001); however, the crosssectional area of VL tendons did not differ from VMO tendons for either PFP or control subjects (P ϭ 0.407, P ϭ 0.565, respectively).
Control subjects showed significantly more VMO tendon strain than PFP subjects (P Ͻ 0.001, Fig. 4 ), but there was no difference in VL tendon strain between control and PFP subjects (P ϭ 0.100, Fig. 4 ). For both PFP and control subjects, VMO tendon strain was significantly greater than VL tendon strain (P Ͻ 0.001, P Ͻ 0.001, respectively). Values are means ϮSD. PFP, patellofemoral pain.
DISCUSSION
The literature suggests that the etiology of PFP is multifactorial (10, 47) and may be related to extensor mechanism imbalance (16, 54) . Null hypothesis 1 was partially rejected because quadriceps tendon strain was significantly decreased in subjects with PFP, compared with control subjects, only for the medial portion of the quadriceps tendon. Additionally, null hypotheses 2 and 3 were rejected because for both control and subjects with PFP, strain in the medial quadriceps tendon was greater than lateral quadriceps tendon strain. Since there were no differences in tendon morphology (resting length and crosssectional area) between control and PFP subjects, the difference in strains can be attributed to differences in tendon elongation. Decreased tendon elongation in subjects with PFP has two potential causes: 1) increased stiffness of the medial portion of the quadriceps tendon, or 2) relative weakness of the vastus medialis component of the quadriceps muscle.
Increased stiffness of the medial portion of the quadriceps tendon may be the result of adaptational changes in the tendon. It has been shown that the cytoskeleton of tendon cells is mechanoresponsive and controls reciprocal anabolic and catabolic gene expression (34, 35) . Furthermore, it has been suggested that mechanoresponsive cells in tendon operate with set points or within a homeostatic range (4, 34) . Mechanical perturbations outside this range cause alterations in gene expression and lead to morphological and material property alterations. In a recent in vivo study, Arampatzis et al. (3) showed that the Achilles tendon altered its material and morphological properties only after high-strain-magnitude exercise. Chronic alterations in these set points or an artificial narrowing of the homeostatic range is a potential explanation for the chronic nature of most idiopathic patellofemoral pain.
An alternate hypothesis for decreased VMO tendon elongation in PFP is weakness of the vastus medialis muscle. Weakness of the vastus medialis, particularly the obliquus portion, is commonly thought to play a role in the pathogenesis of PFP (1, 19, 38, 52) . Vastus medialis weakness is further supported by results from our previous study in which patellar kinematics were measured in the same subjects with PFP (54) . PFP subjects exhibited excess lateral patellar translation and lateral patellar spin (distal pole rotates laterally) while squatting. Lieb and Perry (36) showed that insufficient force (Ͻ20% of VL force) on the VMO tendon, perhaps from VMO weakness, resulted in lateral patellar translation during knee extension and an inability of the patella to maintain the neutral position in the trochlear groove. Weakness of the VMO component of the quadriceps muscle may cause the extensor mechanism to be incapable of generating effective forces in opposition to the action of the VL quadriceps component.
The data from the present study cannot distinguish between increased tendon stiffness and VM weakness as the cause of decreased medial tendon strain in PFP. It is unlikely that VMO weakness directly results in increased tendon stiffness. Several studies have found that strength training (increased demand) leads to increased tendon stiffness (30, 32, 46) . Furthermore, Kubo et al. (29) found significantly decreased tendon stiffness after 20 days of bed rest in young healthy subjects. However, VMO weakness or potential reduced VMO contribution to the knee extension torque during the experiment could directly result in decreased VMO tendon elongation and therefore an apparent increase in tendon stiffness.
The relationship between tendon mechanical/material properties and muscle weakness is complex in PFP and may cascade from an initial injury. It has been shown that the biomechanics of the knee are altered in subjects with PFP syndrome (16) . However, what initiates the shift from healthy to pathological knee biomechanics remains unknown. The VMO component of the quadriceps muscle weakens first in response to pain or swelling in the patellofemoral joint (1, 53, 55) . In idiopathic PFP, pain or swelling in the patellofemoral joint may result from an initial subclinical injury to the joint or surrounding structures. This initial injury may lead to VMO weakness and abnormal patellar tracking. Initial injury, VMO weakness, and/or patellar tracking changes may move mechanoresponsive tendon cells beyond their homeostatic set points, triggering healing. Increases in collagen content and associated increases in Young's modulus (stiffness) of the tendon have been shown to be associated with tendon healing (45) . These biomechanical changes may lead to overload of the subchondral bone in the lateral patellofemoral compartment, triggering pain (16) . All these factors may trigger additional adaptational changes in tendon material properties causing a vicious cycle and chronic PFP.
The strain values reported in the present study, particularly for the VMO tendon, are larger than most found in previous studies of free tendon. Most studies have focused on the biomechanical properties of isolated tendons such as the patellar tendon (24 -28, 46, 51) , which has been shown to be a less compliant tendon than the quadriceps tendon (51) . Only a single study has investigated the material properties of the quadriceps tendon (51) . This study tested quadriceps tendon Values are means ϮSD. VMO, vastus medialis obliquus portion of quadriceps tendon; VL, vastus lateralis portion of quadriceps tendon.
from human cadavers and reported a failure strain of 14.7% (Ϯ 3.7%). As strain is dependent on the initial length of the tendon, much of the difference between the present results and these previous results can be ascribed to the length of the tendon being studied. Staubli et al. (51) reported an initial length of 4.13 cm for the central portion of the quadriceps tendon. The higher strains for the VMO portion of the quadriceps tendon in the present study reflect an initial length of only 1.87 cm. In addition, each quadriceps muscle has a broad MTJ, which was represented as a single point in this study. A range of geometry and material properties exist as the tendon transitions from insertion at the patella to aponeurosis and muscle fibers proximal to the MTJ. For example, it is known that the aponeurosis is more compliant than free tendon (40) , and that muscle fibers exhibit larger strain values than tendon, in vivo (41) . Therefore, it is possible that tracking the MTJ for VMO tendon elongation caused an overestimation of tendon strain due to the inclusion of more compliant structures at the proximal end of the tendon. However, this potential difference in absolute strain magnitude would not likely affect the conclusions drawn between subjects with PFP and control subjects. Finally, factors such as tissue preservation and hydration status have been shown to affect the mechanical properties of cadaver tissue (26, 49) and may lead to differences in strain.
Accuracy and precision have been reported for using ultrasound to track muscle contractile length (37) and tendon length (23) in vivo. For the present study the highest available probe frequency (14 MHz) was used to maximize spatial resolution. Limited depth of view was not a concern as all the quadriceps tendons are located relatively close to the surface of the knee. Previous studies have demonstrated that movements as small as 5 m can be registered by an ultrasound scanner, despite a much larger pixel resolution (185 ϫ 185 m) (37) . However, the magnitude of tendon elongation in the present study ranged from 600 m (mean elongation at 1 N ⅐m knee extension torque) to 2,300 m (mean elongation at 20 N ⅐m). Therefore because the smallest tendon elongation measured was 6 times larger than the pixel resolution, the accuracy of the system was adequate to resolve tendon elongations.
Measurement precision is limited by the repeatability of probe placement and the repeatability of manually tracking points within the images. Due to the limited field of view available for dynamic ultrasound imaging, VL tendon elongation was measured by tracking a point on the tendon in each frame of the ultrasound images, instead of the MTJ. This may have introduced error into the measurement due to portions of the tendon moving in and out of the image plane during isometric contraction. Off-plane observations will underestimate tendon elongations with an error of magnitude 1 Ϫ cos, where is the difference in angle between the ultrasound probe plane and the tendon line of action (37) . Based on cadaver dissection, the line of action of the VMO muscle is 42-70°f rom the anatomic axis of the femur in the frontal plane, and the VL 10 -17° (13) . Assuming a 10°error, tendon elongation would be underestimated by 6.9%. Careful orientation of the ultrasound probe along the tendon fiber direction minimized this potential source of error.
The external joint torques tested in this study were low (10 -20%) compared with joint torques generated during maximal voluntary contraction. While this may limit the ability to extrapolate the strains reported here to functional tasks involving higher levels of muscle activation, torque values were standardized among trials and subjects ensuring that the relative comparisons (PFP vs. control, and medial vs. lateral) are valid. The low external joint torques also ensured that the magnitude of tendon motion within a single trial was small (Ͻ0.3 cm), and the experimental setup was designed to minimize off-axis torques, effectively limiting the direction of tendon motion to the image plane.
The repeatability of manually tracking points within the images was also investigated. A single investigator manually tracked each point three times for each trial. The average absolute difference in tendon elongation between successive analyses was 0.2 mm (ϳ1% strain for the VL tendon), or a difference of 2 pixels when manually tracking points. Similarly, the reproducibility of manual digitization for crosssectional area measurements was investigated. The average absolute difference in tendon cross-sectional area between successive analyses was 1.9 mm 2 (3.9% of cross-sectional area), suggesting manual digitization of ultrasound images yields reproducible results. These results match well with previously published results showing a typical error of 1.5 mm 2 and an intraclass correlation coefficient of 0.99 for tendon cross-sectional area measurements taken on different days (46) .
The distal tendon attachment on the patella is difficult to locate from the ultrasound image. Therefore tendon length at rest was defined as that from the MTJ to the insertion of the posterior tendon surface on the patella. This definition may have produced a slight underestimation of tendon length and thus an increase in calculated strain. However, all relative comparisons are valid, and an increase in strain would not change any of the conclusions in the present study.
A wide range of values for tendon properties has been previously reported (9, 15, 24, 39, 40, 46) , making it is difficult to estimate the magnitude of change that would represent a clinically significant alteration. Values for tendon strain at failure are typically 14 -15% (27, 51) , and values for in vivo tendon strain are typically 7.5-9.9% (28, 50) . Therefore, assuming a minimum detectable difference of 5%, and choosing a common SD of 3%, a preliminary power analysis showed that two groups of 10 subjects each would be needed to yield a power of 90%; an effect size of 1.5 could be detected with two groups of 10 subjects. Since the former assumptions were made somewhat a priori, a post hoc power analysis was also conducted. Based on a difference in strain between PFP subjects and control controls of 2% (VL tendon, 20 N ⅐m torque), and a calculated pooled SD of 1.11%, a revised effect size of 1.82 was found-two groups of seven subjects each were adequate to obtain 90% power. Therefore, this study has sufficient power to reveal significant differences even with the smaller group size presented.
This study presents an initial investigation with the longterm goal of in vivo, noninvasive measurement of tendon material properties, such as Young's modulus. Current technology is not able to distinguish between the force contributions from the separate quadriceps components using noninvasive in vivo methods (7) . Therefore, material properties such as tendon stress and Young's modulus cannot be measured directly. This study offers possible pathways for future investigation.
